The medial temporal lobe cortex (MTLC) occupies a pivotal position at the interface between neocortical association areas and the hippocampus. It has been suggested that the MTLC contains functionally distinct regions, with perirhinal cortex (PRc) preferentially supporting object processing and posterior parahippocampal cortex (PHc) preferentially supporting encoding of spatial information. Measuring differential BOLD responsiveness to objects, scenes, and other stimulus categories, we find a double dissociation between an anterior PRc response to objects and a posterior PHc response to scene stimuli. Furthermore, an anatomical ROI based approach was undertaken in an effort to understand the response profile underlying this double dissociation. We did not see any evidence for a sharp border between putatively distinct scene-preferential and object-preferential MTLC regions. Instead, scene-preferential responsiveness was noted to drop off in a graded, linear fashion in successively anterior MTLC regions until object-preferential responsiveness emerged in anterior PRc, although objects produced above baseline responses across the anterior-posterior extent of the parahippocampal gyrus. Other stimulus categories, such as faces and words, led to above baseline activation in either a few confined regions (faces) or none at all (words). Thus, what differentiated regions along the parahippocampal gryus was the relative response to objects and scenes, not simply above baseline responses to either category. This pattern raises the possibility that posterior PHc, and anterior PRc are situated at the ends of a single organizational continuum supported by the entire length of MTLC. V
INTRODUCTION
Much of human functional imaging research is focused on revealing functional specialization within the human brain. This work is predicated on the notion that there exist computationally discrete and spatially bounded processing modules that selectively represent and/or process particular kinds of stimuli (Fodor, 1983 (Fodor, , 2000 . This idea has motivated research on putative cortical modules within the ventral visual processing stream, and the study of circumscribed regions exhibiting response specificity for faces, places, objects, body parts, and word forms (Epstein and Kanwisher, 1998 ; but see Haxby et al., 2001; Downing et al., 2006) .
Another tenet of the modularity hypothesis is that category-specific modules need not exist in higher level, integrative or central processing arenas (Fodor, 1983) . In the context of the ventral stream, this view would predict that functional modules should be less common as one moves away from unimodal visual cortex. Hence, a fundamental question is whether category-specificity exists in central processing systems, such as the medial temporal lobe (MTL), a region known to be critical for integrating multimodal representations in the service of long-term episodic memory.
The MTL consists of the hippocampal formation strongly innervated by underlying MTL neocortical regions including the perirhinal (PRc) and posterior parahippocampal (PHc) cortices that together occupy what we will refer to as medial temporal lobe cortex (MTLC). Although there is strong evidence that the hippocampus supports domain-general relational encoding processes (Cohen and Eichenbaum, 1993; Davachi, 2006) , it remains to be seen to what extent MTLC may or may not exhibit well-circumscribed category-specific responses.
One strong piece of evidence in favor of categoryspecificity within MTLC is the existence of the ''parahippocampal place area,'' or PPA (Epstein and Kanwisher, 1998) , that occupies the most posterior portion of MTLC and parts of the retrosplenial and fusiform cortices. The PPA has been reported to manifest two critical properties in favor of modularity: response specificity and a well-circumscribed localization (Epstein and Kanwisher, 1998; Spiridon et al., 2006) . In particular, the PPA responds to scene stimuli more than to other stimulus categories such as faces, objects and houses (Epstein and Kanwisher, 1998; Epstein et al., 1999) and it has been reported that activation to scenes in the PPA drops off dramatically at the borders of this region (Spiridon et al., 2006) . However, much of the extant work on the PPA does not consider (but see Bar and Aminoff, 2003) that the vast majority of this region occupies the posterior MTLC, a component of the MTL that is thought to integrate information from multiple posterior cortical processing streams (Suzuki and Amaral, 1994; Insausti et al., 1998; Lavenex et al., 2002; Pruessner et al., 2002) . Hence, one fundamental question is how the functional characteristics of the PPA relate to the rest of the MTLC.
Hints about the specific contributions of PRc and PHc to memory processing have been gleaned from neuroanatomical tract-tracing studies. PRc receives the majority of its input from temporal lobe structures in the ''ventral visual stream'' known to be critical for object recognition (Mishkin et al., 1983: Ungerleider and Haxby, 1994) . Although the PHc also receives input from ventral visual areas, it is the only MTL cortical region to receive direct input from the posterior parietal cortex (Suzuki and Amaral, 1994) or the ''dorsal visual stream'' thought to be important in representation of and guiding movement through space (Mishkin et al., 1983; Ungerleider and Haxby, 1994) . Echoing the proposed distinctions between the functions of the ventral and dorsal visual processing streams, it has been proposed that PRc and PHc may be the mnemonic counterparts of these posterior processing streams, providing a substrate for refining and integrating perceptual information about space and objects into mnemonic representations.
Consistent with this notion, neurophysiological and lesion studies in animals have also provided support for a division of labor between the PRc and the PHc. PRc neurons have been reported to show increased c-fos expression in response to object novelty when compared with object-location novelty, whereas postrhinal cortical neurons, thought to be the rodent counterpart of the human PHc, exhibit the opposite effect (Wan et al., 2001 ). Furthermore, recent lesion studies have revealed a double dissociation between the effects of lesions to PRc and PHc on object and spatial memory (Meunier et al., 1993; Eacott et al., 1994 ; for review Malkova and Mishkin, 2003; Nemanic et al., 2004; Alvarado and Bachevalier, 2005) . Finally, human fMRI studies have also provided evidence for this dissociation. As described above, activation in posterior MTLC has been reported when subjects view (Epstein and Kanwisher, 1998) or imagine (Epstein et al., 1999; Davachi et al., 2003) scene stimuli and a number of studies have also reported dissociations along the MTLC depending on whether object or scene representations are evoked (Bar and Aminoff, 2003; Pihlajamaki et al., 2004; Aminoff et al., 2007; Buffalo et al., 2006) . The results of these studies are mostly consistent with the hypothesis outlined above in that spatial tasks generally engage more posterior regions of the MTLC and object tasks activate MTLC regions that are more anterior. We will directly examine the responses to objects and scenes as well as to other stimulus categories in an effort to gain a more complete understanding of category-specificity within human MTLC.
Based on previous work, we expect to reveal a double dissociation between object and spatial responses across PHc and PRc. However, in addition, we aim to better understand the nature of the underlying functional organization that supports these reported dissociations. At least two distinct organizational scenarios are possible. One possibility is that there are two functionally and anatomically distinct MTLC module-like regions, PRc and PHc, that selectively support object and spatial encoding, respectively, and are separated by a sharp, clear boundary. (By selective, we mean that the response to a category is greater than the response to all other categories as well as significantly above baseline. This term additionally implies that there are no significant differences between activation to other categories. For example, for a region to be selective to scenes, this region should show scenes > all other categories and, in addition, there should be no additional differences in activation between the other categories. If other differences exist, the activation is defined as being ''differential'' as opposed to ''selective'' here.) This view, common in current work, motivates study of how one region-say PRc-contributes to memory independent of other regions-such as PHc.
Another possibility, however, is that the MTLC may not be organized into clear, highly selective category-specific modules with strict boundaries. Instead, it is possible that reported double dissociations emerge at the ends of a single underlying representational gradient. According to this view, most of the MTLC may be responsive to processing both spatial and object stimuli but the relative degree of preferential activation might change gradually across successive MTLC regions giving rise to significant differences only at the extremes. In fact, some recent work focusing primarily on PHc has reported at least two distinct adjacent subregions within PHc: a posterior PHc region preferentially responsive to spatial associations and an adjacent anterior PHc region preferentially responsive to nonspatial associations (Bar and Aminoff, 2003; Aminoff et al., 2007) . These findings are less consistent with the notion that PRc and PHc are homogenous processing modules in the medial temporal lobe and begs the question of what is the response along the entire parahippocampal gyrus, including both PRc and PHc.
To understand the organization of the MTLC, and the responses underlying reported dissociations (Bar and Aminoff, 2003; Pihlajamaki et al., 2004; Aminoff et al., 2007; Buffalo et al., 2006) , it is necessary to examine multiple adjacent anatomically-defined regions of interest (aROIs) within the MTLC. To this end, in the present study, we divided the MTLC into seven, adjacent, equally-sized anatomical regions, or aROIs and measured the response in each region to object and scene stimuli as well as other comparison stimulus categories. Subjects underwent fMRI scanning while performing a one-back task with pictures from five different stimulus categories: objects, scenes, faces, words, and pseudowords (Supp. Info. Fig. 1 and Methods). Using this aROI approach we (1) computed the extent to which MTLC regions exhibited response selectivity to particular categories and (2) whether any specificity exhibited well-circumscribed borders, by examining how differential stimulus patterns change across adjacent regions of the MTLC.
We found a significant double-dissociation between sceneand object-responsive portions of the human MTLC, providing support for two distinct processing modules in the PRc and PHc. However, our further anatomical ROI analyses do not necessarily support a modularity interpretation, because analysis of responses along the entire extent of the MTLC revealed a gradient. Specifically, our data show a gradual, linear transition between the responsiveness of MTLC cortical areas to object and scene stimuli. Implications for this organization remain to be studied and are discussed further.
RESULTS

Directed Contrasts
As expected, a contrast comparing the BOLD response to novel scenes to all other stimulus categories revealed a cluster of voxels in bilateral posterior PHc (see Supp. Info. Table 1 for all other activation clusters), or the PPA (Epstein and Kanwisher, 1998 ) in all subjects (average y 5 248). To assess selectivity, the BOLD response to all five stimulus categories, separately for novel and repeating blocks, was extracted from each subject's functionally defined PPA. An omnibus repeated-measures ANOVA confirmed significant activation differences between the five stimuli in both hemispheres [right: F(5, 35) 5 30.2, P 5 3.9 211 ; left: F(5, 35) 5 24.7, P 5 1.4 210 ]. Planned pairwise contrasts showed that activation during novel scene blocks was greater than all other stimulus categories, including novel objects (right: all ts(7) > 5, all Ps < 0.001, Fig. 1A ; left: all ts(7) > 7, all Ps < 0.0001).
Importantly, as noted in previous reports (Epstein and Kanwisher, 1998; Ewbank et al., 2005; Diana et al., 2008 ), a significant above-baseline response was also elicited by novel objects in the PPA (right: t(7) 5 8, P 5 0.00008; left: t(7) 5 4.7, P 5 0.002) and objects also elicited more activation than all other stimulus categories including faces (right: t(7) 5 3.8, P 5 0.007; left t(7) 5 32.9, P 5 0.022), words (right t(7) 5 8, P 5 0.00009; left, t(7) 5 5.3, P 5 0.001), and pseudowords [right: t(7) 5 5.9, P 5 0.001; t(7) 5 3.9, P 5 0.006]. In turn, none of these other stimulus categories elicited significant above baseline activation (all ts(7) < 1.3, all Ps > 0.05).
In addition to the response to novel stimuli, the extent to which activation decreases upon stimulus repetition, or repetition suppression, has often been used to reveal underlying representations (Koustaal et al., 2001; Ewbank et al., 2005; Kourtzi and Huberle, 2005; Turk-Brown et al., 2006; Schacter et al., 2007) . Accordingly, significant repetition suppression was noted in the PPA both for scene [right: t(7) 5 7, P 5 0.0002; left, t(7) 5 5.5, P 5 0.001] and object stimuli [right, t(7) 5 3.6, P 5 0.009, Figure 1A ; left, t(7) 5 3.6, P 5 0.03], but not for faces, words, or pseudowords [all ts(7) <1.7, all Ps> 0.17]. Thus in sum, we find that activation in the PPA is differentially responsive to scenes, but does not appear to be selective, as it also responds to novel objects and shows suppression to repeated objects.
We next examined whether PRc exhibits preferential responsiveness to object stimuli. A whole-brain contrast comparing the BOLD response to novel objects to all other categories of stimuli revealed significant activation in right PRc, albeit at dif- Scene and object differential responsiveness in MTLC (A) A contrast comparing the BOLD response to scenes to that of all other stimulus categories revealed an area of activation in bilateral PHc displayed here on a high resolution anatomical of one subject. A plot of percent signal change for each condition (6 s.e.m.) shows that scenes activate the posterior PHc (shown for right hemisphere) significantly more than all other stimulus categories, and furthermore that objects also activate this region significantly more than all other stimulus categories, except scenes. Repetition suppression effects were found to be significant in the PHc for both scenes and objects. (B) A contrast comparing the BOLD response to objects to that of all other stimulus categories revealed activation in PRc displayed here on the same subject's high-resolution anatomical image. Objects activate the PRc (data shown for right) more than all other stimulus categories in novel blocks, and significant repetition suppressions effects are only found for object stimuli.
ferent anterior-posterior levels, in all eight subjects (see Supp. Info. Table 1 for all other activation clusters). Six of the eight subjects exhibited activation in anterior right PRc (average y 5 23), whereas two exhibited activation in a more posterior region of right PRc (average y 5 217) (see Fig. 1B ). Furthermore, significant activation in left PRc was also evident in six out of eight subjects. Because the right PRc activation was evident in all eight subjects, we focus the follow-up statistical analyses on the right PRc only. Omnibus repeated-measures ANOVAs confirmed that there were significant differences between the five stimulus categories (F(5, 35) 5 6.8, P 5 0.0001). Planned pairwise comparisons further showed that BOLD activation during novel object blocks was significantly greater than during each of the other stimulus categories including faces (t(7) 5 7.8, P 5 0.0001), scenes (t(7) 5 7.7, P 5 0.032), words (t(7) 5 6.5, P 5 0.0003), and pseudowords (t(7) 5 4.3, P 5 0.004). Furthermore, significant repetition suppression effects in this region were only seen for objects (t(7) 5 3.5, P 5 0.01) and not for scenes (t(7) 5 0.003, P 5 0.99) or any of the other stimulus categories (all ts(7) < 0.8, Ps > 0.4, Fig. 1B) . Hence, the PRc response appears to be more selective than responses in PPA.
Thus, a dissociation between the response to objects and scenes was evident between these two MTLC regions. To statistically examine the dissociation, we tested for and found a significant Region (PRc, PPA) * Stimulus (object, scene) interaction (F(1,7) 5 26, P 5 0.03; Fig. 2 ). Furthermore, when the magnitude of repetition suppression in these regions was included in the analysis, a significant triple interaction Region * Stimulus * Novelty; (F(1,7) 5 8.4, P 5 0.02) was revealed. Namely, repetition suppression is greater for scenes in PPA and for objects in PRc, further strengthening the notion of a differential involvement of PHc and PRc in scene and object specific encoding processes, respectively.
Anatomical ROI Analyses
One interpretation of these results is that the PRc and posterior regions of the PHc are distinct modules whose underlying properties confer upon them differential involvement in the processing and encoding of object and scene stimuli. However, this conclusion falls short of providing a complete account of MTL cortical organization as it leaves unspecified the role of a large portion of MTLC that lies between the PRc regions revealed in the whole-brain contrasts and the PPA. Specifically, the anterior portion of the PHc did not emerge in any of the directed contrasts described above nor in any other directed contrasts we used (e.g., faces > all, words > all) and the posterior PRc only appeared in two of eight subjects.
To gain a more complete understanding of the response profile along the entire MTLC, we examined the response profiles of the regions that lie between the scene responsive posterior PHc (or PPA) and the object responsive anterior PRc by drawing a series of equally spaced anatomical regions of interest (aROIs) along the entire extent of the MTLC. Anatomical ROIs were hand drawn for each subject individually along the entire extent of the MTLC starting at y 5 13 and ending at y 5 253 in both the right and left hemispheres. Tracing of the MTLC closely followed the guidelines outlined by Insausti et al. (1998) (See Fig. 3A ,B and Methods for details). From each of these aROIs, BOLD activation was extracted for novel object and scene blocks as well as all other stimulus categories.
The two most posterior aROIs (spanning from y 5 2 53 to y 5 241) most closely correspond to reported coordinates of the PPA as defined both by previous studies (e.g., Epstein and Kanwisher, 1998) and in the present functional data (y 5 248 in both hemispheres). Consistent with previous work, in these two aROIS, it was found that novel scenes elicited a significantly stronger response than novel objects in both the right (ts(7) > 4, Ps < 0.005; Fig. 3C ) and left (ts(7) > 3.3, Ps < 0.01; Supp. Info. Fig. 2B ) hemispheres. On the other hand, BOLD activation in anterior regions of MTLC, in PRc, showed the opposite effect and was greater for novel objects compared to novel scenes. Specifically, in the right hemisphere, this pattern was seen in the two most anterior aROIs [(y 5 13 to 25) (t(7) 5 3, P < 0.05) (y 5 25 to 212) (t(7) 5 2.9, P < 0.05); Fig. 3C) ]. In the left hemisphere, this effect was significant in the second most anterior aROI (t(7) 5 3, P < 0.05) and marginal in the most anterior aROI (t(7) 5 2, P 5 0.078; Supp. Info. Fig. 2B) .
Critically, however, upon examination of activation across all MTLC aROIs, a striking overarching pattern was revealed. Starting with the most posterior aROI and moving anteriorly across the extent of the MTLC, BOLD responses to scenes declined in a linear, graded fashion ( Fig. 3C and, for left hemisphere, Supp. Info. Fig. 2B ). Indeed, a linear contrast revealed that activation to scenes is significantly linear in both hemispheres (left: F(1,7) 5 24, P < 0.005; right F(1,7) 5 20.1, P 5 0.005) and that no other polynomial trend analysis significantly fits the data (all Ps > 0.2).
Unlike the response to scenes that showed a linear decrease moving anteriorly along the MTLC, the response to objects Interaction between scene and object responsiveness in PHc and PRc. A significant two-way interaction between objects and scenes in the PHc and the PRc. The average percent signal change collapsed across timepoints 3-12 (6 s.e.m.) in PRc and PHc regions is displayed for novel object and scene blocks. A within-subjects ANOVA showed a significant Stimulus * Region interaction (P 5 0.02) and a significant Stimulus * Region * Novelty triple interaction (P 5 0.03; not shown). The three most anterior aROIs (presented on light gray background) are in the perihinal cortex (PRc). The four most posterior aROIs (presented on dark gray background) are in the parahippocampal cortex (PHc). The gyrus intralimbicus (not shown) marks the PRc/PHc border. All boundaries were modeled directly from Insausti et al. (1998) . (B) Seven aROIs, each 8 mm in the anterior-posterior dimension, are color coded and displayed on a highresolution sagittal section from a representative subject. (C) BOLD % signal change during novel object (gray) and scene (black) blocks are plotted for each aROI, color-coded to correspond to the regions shown in (A and B). Activation to scenes declines in a linear fashion across the seven aROIs, whereas activation to objects appears flat across these same aROIs. (D) To enable across-region comparisons, the response to scenes and objects was normalized by computing the difference between scenes and objects as a function of their sum. Linear contrast analyses performed on the normalized responses revealed that a linear (P 5 0.001), but not any other polynomial function (all Ps > 0.15), significantly fits these data. These data demonstrate that preferential responsiveness gradually, and linearly, shifts from scenes to objects along the anterior-posterior extent of the MTLC. (E) The repetition suppression effects for objects and scenes was normalized by computing the difference between the scene repetition suppression effect (novel scenesrepeated scenes) and the object repetition suppression effect (novel objects-repeated objects), as a function of their sum. Linear contrast analyses performed on the normalized responses revealed that a linear (P < 0.05), but not any other polynomial function (all Ps > 0.7), significantly fits these data.
appears to be of similar magnitude across all seven aROIs (Fig.  4B ). This suggests that object encoding may be significant along the entire extent of the MTLC. In support of this notion, the BOLD response to objects when compared with baseline was significant in all seven aROIs in the right hemisphere and in five aROIs in the left hemisphere (with effects being marginal in the remaining two aROIs). Importantly, this was not a global effect, as other perceptually salient stimuli such as faces did not elicit above-baseline activation along the majority of the MTLC, and words and pseudowords did not elicit above baseline activation in any of the aROIs (Fig. 4A,B) .
However, caution is warranted when comparing the percent signal change across different brain regions, or adjacent ROIs within the same region, as the dynamic range of the BOLD response may differ significantly across brain regions. This is especially true in the most anterior portions of the MTL known to suffer from signal to noise reductions as a result of signal drop out (Olman, Davachi and Inati, submitted; Ojemann et al., 1997) Thus, to account for regional variations in overall BOLD responsiveness, the BOLD response was normalized by computing the activation difference between scenes and objects as a function of the total response to both scenes and objects (Scene 2 Object/Scene 1 Object) in each of the seven aROIs bilaterally.
Examination of the normalized difference response, an indication of the relative response to scenes and objects, revealed a linear crossover from posterior to anterior portions of the MTLC. Specifically, the relative activation of scenes compared to objects systematically diminishes in a linear fashion as one moves anteriorly along the MTLC until object stimuli gradually produce greater percent signal change than scenes (see Fig.  3D for the right hemisphere). A repeated-measures ANOVA and a linear contrast analysis revealed that the relative activation of scenes to objects does indeed change linearly in both hemispheres (left: F(1,7) 5 13.8, P < 0.01; right F(1,7) 5 40.1, P 5 0.001). Importantly, no other polynomial trend significantly fits the data (all Ps > 0.15).
Because it is possible that a significant linear trend may emerge in group-averaged data but may not necessarily be evidenced in individual subject responses, we used linear regression to assess the extent to which each subject's data showed a linear trend across the extent of the MTLC. Seven out of eight subjects had significant regression scores in the right hemisphere (R 2 values > 0.55, all Ps < 0.001) and the average R 2 value across all eight subjects was 0.7 (Fig. 4C) . Interestingly, in the left hemisphere, more individual subject variance was observed. Five out of eight subjects showed a strong linear effect with R 2 values greater than 0.7. Of the other three subjects, the R 2 for two subjects failed to reach significance. This pattern of results is consistent with previous studies that have also reported laterality effects in the MTLC (Epstein and Kanwisher, 1998) .
Another methodological concern is that a linear trend may emerge from procedures such as data smoothing. To alleviate this concern, we performed the same procedures on subject's unsmoothed and unnormalized functional images. Importantly, Response in MTLC aROIs to all stimulus categories. BOLD response to novel objects, scenes, faces, words, and pseudowords in all MTLC aROIs (6 s.e.m.) is plotted in the right (A) and left (B) hemispheres. In both hemispheres, objects elicited above baseline activation across the entire MTLC with the only exception being two aROIs in the left hemisphere that were marginally significant. Scenes elicited above baseline activation in all aROIs except for the two most anterior aROIs, bilaterally. Faces elicited significant or marginally significant above-baseline activation in the four most anterior aROIs in the left hemisphere and in the two most anterior aROIs in the right hemisphere. The activation for words and pseudowords was not significantly above baseline in any aROI. (C) The normalized difference between scene and object activation is plotted for each subject individually across the seven aROIs in the right hemisphere. Linear regression analyses carried out for each participant separately revealed that the R 2 value was highly significant in seven out of eight subjects (average R 2 value 5 0.7). Abbreviations: S1 5 Subject 1, S2 5 Subject 2 etc. visual inspection revealed the same pattern even with no data smoothing (Supp. Info. Fig. 3B,C) . A significant linear trend was still evident in both the right and the left hemispheres [Fs (6, 42) > 3, Ps < 0.05] while no other polynomial trend fit the data (all Ps > 0.55). We further examined the linear trends across the seven ROIs separately for each subject. The average R 2 value across all eight subjects was 0.52 on the right and 0.5 on the left. These data confirm that the linear trend observed with the standard 6 mm smoothing kernel is not an artifact of data smoothing or normalization.
We also tested whether there was evidence for a repetition suppression gradient. A similar effect for the right hemisphere was observed when looking for changes across regions in the magnitude of the repetition suppression effects. A repeatedmeasures ANOVA revealed that the relative change in activation with repetition, or repetition suppression, for scenes and objects also changed linearly in the right hemispheres (Fig. 3E) , F(1,7) 5 6.4, P < 0.05, with no other polynomial trend being significant (all Ps > 0.7). The repetition suppression linear trend, however, fell short of significance in the left hemisphere F(1,7) 5 2.3, P 5 0.13. Importantly, objects were not the only stimulus category to elicit above baseline activation in PRc. Activation to faces in the right PRc was found to be enhanced when compared with baseline in the second most anterior aROI (y 5 214 to 221: t(7) 5 7, P < 0.05). In the left hemisphere, a marginal effect was seen in the two most anterior aROIs (y 5 13 to 25: t(7) 5 7, P 5 0.053; y 5 26 to 215: t(7) 5 7, P 5 0.07) and a significant effect in the next two aROIs (y 5 214 to 221: t(7) 5 7, P < 0.05; y 5 222 to 229: t(7) 5 7, P < 0.05; Fig.  4A,B) . However, although faces, like objects, showed above baseline activation in anterior PRc, they did not elicit above baseline activation in posterior regions of the PHc. In addition, no difference was found between faces and scenes in the PRc (left: F(1,7) 5 0.8, P > 0.7; right F(1,7) 5 0.3, P > 0.7). Thus, there does not appear to be the same reciprocal relationship between responsiveness to scenes and faces as there is for scenes and objects. This will be discussed further below.
DISCUSSION
The results of the present experiment reveal two elements of functional organization within the human MTLC. First, a double dissociation was revealed between activation in PRc and posterior PHc during object and scene processing. This dissociation in humans complements known differences in nonhuman primate anatomical connectivity (Suzuki and Amaral, 1994) , emerging results from animal lesion, human neuropsychological (Lee et al., 2005) and fMRI studies (Wan et al., 2001; Norman and Eacott, 2005) , and immediate early gene expression in animal models (Wan et al., 2001) . Importantly, our data also highlight that scene differential responsiveness in posterior PHc is more consistently localized across participants than objectselective responsiveness in anterior PRc. Specifically, although all participants did show object preferential responses in PRc globally, the precise localization of this response within PRc varied across participants.
In addition, the results of the aROI analysis reveal a novel element of the functional organization of the MTLC. Specifically, it was found that the double dissociation between the response to objects and scenes evident in portions of PRc and PHc, respectively, does not exhibit a well-defined boundary, but instead emerges at the extremes of an underlying linear crossover in the relative response to objects and scenes along the entire anterior-posterior extent of the MTLC. Our anatomically-based ROI analyses revealed that while activation in the most posterior portions of the PHc was strongest for scene stimuli relative to object and other stimulus categories, this preferential response for scenes declined in a linear fashion along the MTLC axis until the most anterior PRc, where the inverse was observed. Importantly, these results replicate previous work reporting double dissociations along the anterior-posterior MTLC axis, (Meunier et al., 1993; Bar and Aminoff, 2003; Pihlajamaki et al., 2004; Alvarado and Bachevalier, 2005; Buffalo et al., 2006; Aminoff et al., 2007) but, critically, reveal hints about the organizational structure underlying these dissociations.
Furthermore, the graded nature of representation along the MTLC may explain why aROI analyses in the MTLC have not always yielded double dissociations between PRc and PHc. For example Aminoff et al. (2007) examined activation in three anatomical ROIs, two of which divided the PHc into anterior and posterior regions, and one including the entire PRc. Consistent with our findings, they reported that the posterior PHc responded more strongly to spatial information, whereas anterior PHc responded more to abstract objects than to spatial stimuli. In that same analysis, no differences were reported between spatial and abstract object stimuli within the PRc aROI. The results from the present aROI analysis suggest that PRc may be heterogenous in its relative responsiveness to object and spatial stimuli, thus the lack of a differentiation in PRc in the Aminoff et al. (2007) analysis could have been because that analysis collapses across heterogenous regions of PRc. Likely for a similar reason, another recent study (Diana et al., 2008 ) that examined PRc and PHc aROIs, did not find differences in the PRc between objects and scenes. Combining our results with these apparent negative findings suggests that pooling across the entire PRc may decrease the sensitivity of the analysis because the greatest differences between objects and scenes are observed in the most anterior regions of PRc. Thus the present findings add nicely to the results of Aminoff et al. (2007) , which presented evidence of a hierarchical organization in the PHc, in showing that the entire MTLC, including PRc, is organized along a gradient, rather than consisting of two discrete functional regions.
Unlike objects and scenes, activation for words and pseudo words was below baseline throughout the MTLC. Many previous studies that used verbal stimuli (Davachi et al., 2003; Ranganath et al., 2004; Staresina and Davachi, 2006; have shown that the perirhinal cortical activation supports item encoding. Specifically, activation in the PrC at encoding was greater in these studies for words that were later remembered when compared with those that were later forgotten. Importantly, however, these fMRI studies typically require subjects to answer encoding questions based on the representations of the presented word stimuli. What is driving the perirhinal response is likely the meaning, concept, and/or visual image of the referent of the words, not simply the symbols themselves. Thus, the low activation for letter strings in our study was likely the result of the relatively minimal demand on creating mental representations. These findings suggest that MTLC activation for verbal stimuli should be a function of the extent to which participants use presented words to create internal representations of real items.
Activation for faces was likewise not significantly above baseline across the MTLC, with the exception of anterior PrC. Consistent with the lack of above baseline activation for faces in the posterior MTLC, previous studies found that faces do not elicit above baseline activation in the PPA (Epstein and Kanwisher, 1998) . On the other hand, the above baseline activation for faces in the anterior PrC is complementary with a number of studies showing that memory for faces is impaired in patients with PrC damage (Bird et al., 2007; Taylor et al., 2007) , and may correspond to the processing and binding of item features (Lee et al., 2005) .
The suggestion that the functional organization along MTLC may be organized along a continuum presents an alternative viewpoint on theories and empirical approaches that prescribe discrete functional roles to regions situated within the MTLC. All of the empirical work focused on understanding the role of MTLC in episodic memory has adopted an ''eitheror'' approach, contrasting the effects of inputs and lesions to (Meunier et al., 1993; Eacott et al., 1994; Malkova and Mishkin, 2003; Nemanic et al., 2004; Alvarado and Bachevalier, 2005) or activation in (Janzen and van Turennout, 2004; Pihlajamaki et al., 2004; Buffalo et al., 2006) purportedly discrete regions, rather than seeking to reveal dimensions that might be similar across adjacent, interconnected, cortical areas (but see Bar and Aminoff, 2003; Aminoff et al., 2007) . By not systematically examining the effects of experimental manipulations across the entire MTLC, one cannot examine the underlying response patterns that provide the foundations of the observed dissociations.
That said, there are a few findings that challenge a discrete differentiation between PHc and PRc and are consistent with the present findings. Most notably, a recent lesion study (Nemanic et al., 2004) showed that acquisition, but not steadystate performance, of an object memory task is equally impaired by both PHc and PRc lesions suggesting that PHc contributes in some form, albeit temporarily, to object memory. These data are consistent with our findings of above-baseline activation for object stimuli along the entire MTLC axis, including the posterior PHc, providing evidence in favor of a preferential, but not for a selective, activation profile in posterior PHc. Similar evidence was obtained in recent fMRI studies. For example, Janzen and van Turennout (2004) reported posterior PHc activation to navigationally-relevant object stimuli and a series of experiments by Aminoff and colleagues, discussed above, (Bar and Aminoff, 2003; Aminoff et al., 2007) report differential PHc activation depending on whether objects are associated with a spatial or nonspatial context. Indeed, our finding that mid-PHc responds similarly to both object and scene stimuli is consistent with these findings suggesting that mid-PHc thus, perhaps, representing a convergence zone of object and spatial input.
Of course, a critical remaining question is what might be the basis for this underlying gradient? What the present data highlight is that objects and scenes may do a good job of capturing some property of what the underlying representational and organizational structure within the MTLC actually may be. What the present experiment does not reveal, however, is what fundamental dimension do object and scene stimuli capture? One speculation is that the regions along the MTLC may exhibit differential receptive field properties, just as inferotemporal and posterior parietal neurons, the input structures to MTLC, have been shown to have differing receptive field sizes and properties (Tanaka, 1996; Andersen et al., 1997) . For example, PRc may contain a larger proportion of neurons with large receptive fields sensitive to stimulus identity, whereas PHc may contain a larger proportion of neurons with smaller and more peripheral receptive fields ideal for coding the spatial layout of a scene or stimulus. Consistent with this, a recent electrophysiological investigation in nonhuman primates reported that, while overall both PRc and PHc contained neurons that respond to stimuli in both the fovea and periphery, a larger proportion of PRc neurons responded to simple visual stimuli (bars of light) in the fovea compared to neurons in PHc, whereas a greater proportion of PHc neurons exhibit both foveal and peripheral receptive fields (Sato and Nakamura, 2003) . Indeed, receptive field properties have previously been suggested to be at least one component that may confer preferential stimulus processing across cortical regions such as PPA and FFA (Levy et al., 2001; Epstein et al., 2003) . However, many other possibilities exist and further work is needed to test these hypotheses.
In conclusion, the present results suggest that while there are significant dissociations between object and scene responsiveness in MTLC, the underlying response pattern from whence the dissociations arise may best be described as a gradient. Consideration of organizing principles, both of the regions that provide input to the MTLC as well as those germinated locally, holds promise for illuminating the role of these regions in memory formation. Furthermore, the broader implications of these results can be applied to the understanding of other cortical regions in the brain. Namely, in addition to the pursuit of functional specialization, examination of graded changes as they occur across or within brain regions will undoubtedly lead to a richer understanding of brain organization and, hence, function. Indeed, recent studies have begun to reveal gradients in the hippocampus (Kjelstrup et al., 2008) and along various higher level processing regions, including the inferior frontal gyrus (Dobbins et al., 2002) , the parietal cortex (Levy et al., 2007) and across prefrontal cortical regions more generally (Badre and D'Esposito, 2007) .
METHOD
Participants
Five female and three male right-handed native English speakers participated in this study. All subjects had normal or corrected-to-normal vision. Informed consent was obtained in a manner approved by the Institutional Review Board at New York University, and subjects were paid for their participation. Mean 6 SD age of the subjects was 24.5 6 3.5.
Stimuli
Stimuli consisted of images drawn from five different categories: faces, scenes, objects, words, and pseudowords. In addition, both pictures of objects and drawings of objects were used. Stimuli were obtained from various online sources including IMSI MasterClips and MasterPhotos TM , IMSI, San Rafael, CA. Object stimuli were obtained from a picture database used previously by Rossion and Pourtois (2004) . All word and pseudoword stimuli were between five and eight letters in length and either two or three syllables. All words were nonconcrete nouns. Forty-five exemplars from each of the six stimulus categories were used (Supp. Info. Fig. 1 ).
Design
Over four functional MR runs, subjects were visually presented with 20-s blocks of stimuli interleaved with 20-s baseline fixation periods. Each of the four functional runs consisted of 15 blocks, each of which contained 10 stimuli from one of the categories described above. ''Novel'' blocks contained primarily novel stimuli (see below), whereas the ''Repeating'' blocks contained two stimuli that repeated throughout the block. Each subject viewed a total of eight novel and two repeating blocks for each stimulus category resulting in 60 blocks total per subject. Each stimulus was presented on a black background for 1,500 ms followed by 500 ms of fixation.
To ensure that subjects were attending to and processing each stimulus, they performed a one-back task during scanning. They were instructed to press a button whenever any stimulus was presented twice in a row. ''Novel'' blocks contained mostly novel stimuli except that either one or two stimuli (counterbalanced across blocks) were presented twice, one immediately following the other. ''Repeating'' blocks contained two stimuli only that alternated except for one or two immediate repetitions requiring a response from the subject. Thus, within both novel and repeating blocks, subjects were required to respond either once or twice. Performance on the one-back task was near ceiling for all subjects (Mean 5 97.3% correct). Performance did not differ for the novel (97.5% correct) and repeating (97.1% correct) blocks (F(1,4) 5 0.12, P 5 0.73).
Imaging Parameters
Data were acquired with a 3T Siemens Allegra MRI system using a whole-head coil. Functional data were acquired using a gradient-echo echo-planar pulse sequence, (TR 5 2 s; TE 5 30 ms; 36 slices oriented perpendicular to the hippocampal axis; 3 3 3 3 3 mm voxel size; 0.6 mm interslice gap; 480 volume acquisitions per run). High-resolution T1-weighted (magnetization-prepared-rapid-acquisition-gradient-echo) images were collected for anatomical visualization. A vacuum pillow minimized head motion. Visual stimuli were projected onto a screen that was viewed through a mirror, and responses were collected with a magnet-compatible button box.
Data were analyzed using SPM2 (Wellcome Department of Cognitive Neurology, University College London, London, UK). During preprocessing, images were corrected for differences in slice acquisition timing, followed by motion correction across all runs. Structural and functional data were spatially normalized to an echo planar imaging template, and voxels were spatially smoothed with a 6 mm full-width half-maximum isotropic Gaussian kernel. Additional analyses were conducted on the pre-smoothed data to test whether the gradient pattern revealed initially was an artifact of the larger smoothing kernel.
General Statistical Analyses
Data analysis was performed using the general linear model implemented in SPM2 (Wellcome Department of Cognitive Neurology, University College London, London, UK). Stimulus blocks for each category were modeled using a box-car canonical hemodynamic response function and its temporal derivative. The four runs were concatenated and modeled as one continuous run to improve parameter estimability. Accordingly, mean signal and drift per run were separately modeled as confounds. Subject-specific estimates for task-related activation were entered into a second-level random-effects analysis (one-sample t-test). Regions consisting of at least five contiguous voxels that exceeded an uncorrected threshold of P < 0.005 were considered reliable.
To reveal brain regions that responded differentially to objects and scenes, a two-step approach was taken. First, a contrast of scene > all other categories (objects, faces, words, pseudowords) was conducted to reveal voxels whose activation was greater for scenes when compared to the mean of all other categories combined. Regions consisting of at least five contiguous voxels that exceeded an uncorrected threshold of P < 0.001 were considered reliable. Because this one contrast cannot reveal whether differences exist between all pairwise comparisons of conditions, the deconvolved blood oxygenation level-dependent (BOLD) time course response for each category within each ROI was extracted using the MarsBaR toolbox (Brett et al., 2002) . All time course data was then analyzed using Analyses of Variance (ANOVA). The choice of sample size was determined based on previous functional localizer experiments that used block designs (Epstein and Kanwisher, 1998; Epstein et al., 1999 ) that use similar sample sizes and consistently report large effect sizes. To ensure that the homogeneity of variance assumption was not violated, Mauchly's test of Sphericity was used. All ANOVAs that are reported below met the homogeneity of variance assumption (all Ps > 0.2).
The time-course data were then submitted to a within subjects ANOVA to examine the differences between all stimulus categories. The dependent measure of ''response'' that was used in the ANOVA's was the mean BOLD response, collapsed across time points (TRs) 3 though 12. This conformed to the peak of the response across each block. All follow-up statistical analyses were performed using this same average response across these TRs. This same process was again used to reveal regions showing greater activation for object stimuli when compared with all other stimulus classes.
Repetition suppression within these regions was also examined by subtracting the average BOLD response (collapsing across TRs 3-12) for blocks with repeating stimuli from that of novel blocks within each stimulus category. The difference (novel-repeated) BOLD response was then compared with a test value of zero with a one-sample t-test in order to test the significance of the repetition suppression effects. All statistical analyses were carried out separately for the two hemispheres.
Finally, we found that BOLD activation to pictures of objects elicited significantly stronger responses than to drawings of objects in all areas of the brain examined, perhaps, indicating a global, nonspecific response. This same effect has been noted in previous reports (Halgren et al., 2000) . For this reason and because our scene stimuli are also pictures, not drawings, we limited all scene and object comparison analyses to object pictures vs. scene pictures.
Anatomical ROIs
Anatomical regions of interest (aROIs) were drawn on each subject's anatomical images using MRIcro software (Rorden and Brett, 2000) . Seven ROIs were drawn along the anterior-posterior extent of both the left and right MTLC spanning from an anterior MNI coordinate of y 5 3 to a posterior coordinate of y 5 253. Each ROI was 8 mm long (with the exception of the most anterior ROI which was 9 mm) in the anterior/posterior direction while width varied with the width of the parahippocampal gyrus itself. The medio-lateral MTLC borders were drawn according to the guidelines outlined by Insausti et al. (1998) .
A 3-fold approach was used to examine the response profiles within aROIs with respect to objects and scenes. First, the BOLD time courses for object and scene blocks were extracted from each aROI using the MarsBaR toolbox. This allowed us to examine the response profiles of the regions lying between the PRc and the posterior PHc, and also to examine the PRc and the PHc with more anatomical precision than can be attained using functional ROIs. As with the functional ROIs, the BOLD response was averaged across TRs 3-12. Withinsubject t-tests were then carried out to examine any differences in object/scene responsiveness. Within each aROI, we also examined whether the BOLD signal was significantly different from baseline with a one-sample t-test, which compared the average BOLD response across TRs 3-12 to a test value of zero.
In the second part of the analysis, we were interested in examining the pattern of activity along the entire MTLC. BOLD responses extracted from each of the seven aROIs (again using the average BOLD response across TRs 3-12) were entered into a one-way ANOVA. A set of linear contrast weights [23, 22, 21, 0, 1, 2, 3] was assigned to each level (aROI) in the ANOVA to examine whether the response to scenes changes linearly across the MTLC. Quadratic, cubic, and other polynomial trends analyses (up to the 6th order) were also examined to determine whether the pattern of activation along MTLC can be described by other functions. All trends were evaluated at a P level of 0.05.
To provide a measure of the extent to which each aROI contributes to object and scene processing, independent of the size of the overall signal within the aROI, we normalized the responses by calculating the proportion of the response to each stimulus category relative to the overall response to both stimulus categories in each aROI. The following formula was used to obtain the proportion scores: (Scenes2Objects)/(Scenes1 Objects) (see Grill-Spector et al., 2006) . Before obtaining the proportions, all scores were shifted by a constant of one to get rid of outlier scores and negative values (see Simmons et al., 2007) . To examine whether preferential responsiveness to scenes increases linearly in the posterior direction, each subject's proportion data were subjected to a linear regression analysis. The resulting R 2 values were then averaged to get a measure of the size of the linear effect across all subjects.
